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1. INTRODUCTION 

The e f fec ts  o f  atmospheric turbulence i n  both horizontal  and 
near-horizontal f l i g h t ,  during the re tu rn  o f  the Space Shuttle, are impor- 
tan t  f o r  determi g design, control, and "pi lot- in- the- loop" effects.  A 
non-recursive model (based on von Karman spectra) f o r  atmospheric turbu- 
lence along the f l i g h t  path o f  the Shutt le Orbi ter  has been developed which 
provides f o r  simulation o f  instantaneous ve r t i ca l  and horizontal  gusts a t  
the vehicle center-of-gravity, and also f o r  simulation o f  instantaneous 
gusts gradients. 
gust gradients have been generated and stored on a series o f  magnetic 
tapes which are e n t i t l e d  Shutt le Stmulation Turbulence Tapes (SSTT). The 
time series are designed t o  represent atmospheric turbulence from ground 
level  t o  an a l t i t u d e  o f  120,000 meters, 

Based on this model the time series f o r  both gusts and 

A descript lon o f  the turbulence generation procedure i s  provided 
i n  Secti'on 2, The resu l ts  of va l ida t ing  the simulated turbulence are 
described i n  Section 3, Conclustons and recommendations are presented i n  
Section 4 wi th Section 5 containing references ctted. Appendix A contains 
the tabulated one-dimensional von Karman spectra while Appendix B provides 
a discussion of the minimum frequency stmulated. Appendices C and D present 
the resu l ts  of spectral and s t a t i s t i c a l  analyses o f  the SSTT. A more deta i led 
descript ion o f  the proper use o f  the tapes i s  provided elsewhere [ l l .  

1-1 



2. TURBULENCE GENERATION PROCEDURE 

The non-recursive turbulence model used t o  generate the SSTT i s  
based on von Karman spectra w i th  f i n i t e  upper l i m i t s  corresponding t o  the 
dimensions o f  the Space Shuttle, r e l a t i v e  t o  the scale o f  turbulence i n  the 
atmosphere. 
the dimensions o f  the Space Shut t le  are f ixed, the f i n i t e  upper l i m i t s  o f  
the von Karman spectra increase w i t h  a l t i t ude .  
account the resu l t ing  spectral  changes, the atmosphere, extending from 
ground leve l  t o  120,000 meters, was d iv ided i n t o  s i x  a l t i t u d e  bands. 
subsections which fo l low provide a descr ip t ion  o f  the development and 
appl icat ion of the turbulence generation procedures. 

2.1 BACKGROUND 

Because the scale o f  turbulence increases w i th  a1 t i t u d e  whi le 

I n  order t o  take i n t o  

The 

The current turbulence model represents the resu l t s  of the 

Two o f  the e a r l i e r  techniques, which were given serious 
development and evaluation o f  several d i f f e r e n t  turbulence simulat ion 
techniques. 
consideration, warrant f u r the r  discussion. 

I n i t i a l  e f f o r t s  involved refinement and evaluat ion o f  a turbulence 
model , TBMOD 121, which had been developed elsewhere 131. This model was 
based on d iscre t iza t ion  o f  the Fourier in tegra l  representation o f  turbulence 
and was designed f o r  use w i th  von Karman spectra. Several problems were 
encountered w i th  TBMOD, both theore t ica l  and prac t ica l .  F i r s t ,  from a 
theoret ica l  standpoint, the assumptions used i n  the development o f  the 
shear (gust gradient) simulation were d i f f i c u l t  t o  j u s t i f y .  Second, from 
a p rac t i ca l  standpoint, the output o f  TBMOD, representing turbulent  gusts, 
when subjected t o  Fast Fourier Transform (FFT) spectral  analysis, d id  no t  
possess the proper von Karman spectral  shape. Because o f  such problems, 
f u r the r  development o f  the model was ha1 ted. 

The second simulation technique was based on d i g i t a l  f i l t e r  

theory coupled wi th a combined von Karman - Saffman spectral  model [4].  
Meromorphic functions were used t o  approximate the various spectra. Based 
on r-transform theory, recursive d i f fe rence equations were derived from 
such approximations. Such d i f ference equations were then used t o  generate 
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the appropriate turbulence gusts and gust gradients. Unfortunately the 
recursive dif ference equations, i n  addi t ion t o  being somewhat complex, 
proved numerically unstable and could not be used i n  t h e i r  o r i g ina l  
recursive form [51. 

A non-recursive version o f  the same di f ference equations was 
subsequently developed i n  an e f f o r t  t o  overcome the s t a b i l i t y  problem 151. 
These di f ference equations were a lso qu i te  complex but  resembled i n  form 
the output o f  d i g i t a l  f i l t e r s ,  characterized by some impulse response 
function, w i th  a white noise input. 
subsections 2.2 through 2.4, was an outgrowth o f  t h i s  resemblance. 

2.2  SELECTION OF ATMOSPHERIC BANDS 

The present model, as described i n  

The standard deviations (o1, u2, u3) and the in tegra l  scale 
lengths (L1, L2, L3) o f  atmospheric turbulence are functions of a l t i tude,  
as shown i n  Table 2-1. Notice should be taken t h a t  the values’ for  ui and 
Li presented i n  t h i s  table are consistent w i th  those presented i n  JSC 7700 
[61. Based on the var ia t ion  o f  si and Li presented i n  Table 2-1, the 
atmosphere was divided i n t o  s i x  a l t i t u d e  bands as presented i n  Table 2-2. 
Within each band, as a lso indicated i n  Table 2-2, charac ter is t ic  in tegra l  
scales o f  turbulence were selected f o r  use i n  calculat ing the f i n i t e  
upper l i m i t  o f  the turbulence spectral model discussed i n  subsection 2.3. 

2.3 DEVELOPMENT OF VON KARMAW SPECTRA WITH FINITE UPPER LIMITS 

As developed previously [51 the basic three-dimensional von Karman 
re la t i on  t o  be integrated for the dimensionless gust spectra is,  

The corresponding von Karman r e l a t i o n  f o r  dimensionless gust gradient 
spectra i s  

2 2  (n -“j 2 ) 
55 

+ii/jj (n 1* n 2’ n )  3 = 361~ 2 a 3 (1+$)17/6 

These three-dimensional spectral re la t i ons  must be integrated over cer ta in  
ranges o f  values o f  Q2 and Q3 t o  obta in one-dimensional spectral models 

2-2 
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TABLE 2-1. VARIATION OF STANDARD DEVIATION 
AND LENGTH SCALE WITH ALTITUDE * 

4LT ITUDE 
(m 1 

10 

20 
30 
40 
50 
60 
70 
80 
90 

100 
200 
304.8 
400 
500 
600 
700 
762 
800 
900 

1524 
2000 
3048 
4000 
5000 
6096 
7000 
8000 
9144 

10000 
20000 

STANDARD DEVIATION 
OF TURBULENCE 

1 (m/sec r 

2.31 
2.58 
2.75 
2.88 
2.98 
3.07 
3.15 
3.22 
3.28 
3.33 
3.72 

I. 9514.3' 
4.39 
4.39 
4.39 
4.39 

' * 39/5.71 
5.70 

5.70 
i.7015.7' 

5.79 
i .79/5.5; 

5.52 
5.52 

i. 5215.2' 
5.27 
5.27 

i. 27/4.2, 
4.22 
6.01 

2 (m/sec 

1.67 
1.98 
2.20 
2.36 
2.49 
2.61 
2.71 
2.81 
2.89 
2.97 
3.53 

I .95/4.3 
4.39 
4.39 
4.39 
4.39 

1.3915.7 
5.70 
5.70 

i. 7015.7 
5.79 

i .79/5.5 
5.52 
5.52 

5.5215.2 
5.27 
5.27 

i .27/4.2 
4.22 
6.01 

1 '3 ( m/ sec 

1.15 
1.46 
1.71 
1.89 
2.05 
2.19 
2.32 
2.43 
2.54 
2.64 
3.38 

I .  9514.3 
4.39 
4.39 
4.39 
4.39 

I. 3915.71 
5.70 
5.70 

i. 7015.7 
5.79 

i. 79/5.51 
5.52 
5.52 

i.52/5.2 
5.27 
5.27 

i .27/4.2 
4 -22 
4.22 

INTEGRAL SCALES 
OF TURBULENCE 

L l ( 4  

21 
33 
43 
52 
61 
68 
75 
82 
89 
95 

149 
1961300 

300 

300 
300 
300 

300/533 
533 
533 
533 
53 3 

533 
533 
533 
533 
533 
533 

533 
533 

669 1 

11 
19 
28 
35 
42 
49 
56 
63 
69 
75 

134 
190/300 

300 

300 
300 
300 

300/533 
533 
533 
533 
533 
533 
533 
533 

533 
533 
533 
533 
533 

669 1 

13h) 

5 
11 
17 
23 
29 
35 
41 
47 
53 
59 

123 
1921300 

300 

300 
300 
300 

300/533 
533 
533 
533 
533 

533 
533 
533 
533 
533 
533 

533 
533 
955 

* 
Double entries for a tabulated altitude indicate a step 

change in standard deviation or integral scale a t  that  altitude. 
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2.3.1 

TABLE 2-1, VARIATION OF STANDARD DEVIATION 
AND LENGTH SCALE WITH ALTITUDE (Continued) 

RLTITUDE 
(m) 

27000 
30000 
40000 
50000 
60000 
70000 
80000 
90000 
100000 
110000 
120000 

STANDARD DEV I AT ION 
OF TURBULENCE 

T 1 (m/sec 
7 .OO 
8.23 
12.82 
18.08 
23.94 
30.36 
37.29 
44.70 
52.58 
60.89 
69.62 

2(m/sec 
7 .OO 
8.23 
12.82 
18.08 
23.94 
30.36 
37.29 
44.70 
52.58 
60.89 
69.62 

Upper Limits of Integration 

3( mlsec I 

4.22 
4.66 
6.09 
7.51 
8.90 
10.28 
11.65 
13.01 
14.35 
15.69 
17.02 

INTEGRAL SCALES 
OF TURBULENCE 

L@) 
20000 
23533 
36693 
51786 
68623 
87063 
106998 
128338 
151010 
174950 
200000 

12(m) 
20000 
23533 
36693 
51786 
68623 
87063 
106998 
128338 
151010 
174950 
200000 

13h) 
1230 
1443 
2231 
3128 
4124 
5208 
6376 
7622 
8941 
10330 
11800 

The upper limits of integration for  j = 2 and 3 are calculated 
according t o  the relation [7] 

where 
a = 1,339 

Li = integral scale of turbulence associated w i t h  the 

'j j t h  direction 

@i (R~) spectrum 

= characteristic length o f  Space Shuttle i n  the 

Values of Li for the six bands are given i n  Table 2-2 while the character- 
f s t i c  lengths, R $ are presented in Table 2-3. 

j 
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TABLE 2-3. CHARACTERISTIC DIMENSIONS 
OF THE SPACE SHUTTLE [81 

Characteristic Magnitude 
Length (ft) (ml Explanation 

R1 39.56 12.06 mean aerodynamic chord 

39.05 11.9 1/2 wingspan 

10.95 3.34 1/2 fuselage thickness R3 

In the case of Qilmax special consideration must be given to the 
dimensionuZ frequencies corresponding to the d6nensionZess 1 imi ts, The dimen- 
sional frequency 1 imi t satisfies the relation 

lmax - 'i lmax V/ ( 21raL~ ) (2-4) - 

where 
V = vehlcle velocity 

The maximum dimensional frequency which the Space Shuttle simulators are 
capable o f  handling i s  4 hertz, Thus any higher frequencies should be ex- 
cluded from the simulation. For this reason the dimensionless frequency 
1 i mit fit lmax must satisfy the relation 

'i lmax = mi n ( aLi/R1, f lmax/V) 
where 

= 4 hertz 
f lmax 

Values o f  Qilmax based on Eg (24) are included in Table 2-2. 

(2-5) 

2.3.2 One-DSmensi onal Spectra 

There are six spectra o f  primary interest for turbulence simu- 
lation, as indicated in Table 2-4. Based on second-order numerical inte- 
gration, the six corresponding three-dimensional gust and gust gradient 
spectral relations, as given by Eqs (2-1) and (2-2), were integrated over 
Q3 and Q2 (with the appropriate upper 1 irni ts) The resulting one-dimensional 
spectra for a1 1 a1 ti tude bands are presented in Appendix A. These spectra 
were used in establishing the impulse response functions associated with 
dlgital filter simulation processes described in subsection 2.4. 
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TABLE 2-4. TYPES OF SIMULATED TURBULENCE 

Type 

Yl 

u2 

u3 
au2/axl 

au3/ax1 

a u 3 m 2  
2.3.3 

Corresponding 
Spectrum Comnents 

@ll 1 ongi tudi nal gust 

transverse gust @22 
433 vertical gust 

@22/11 Yaw 

@33/11 pitch 

@33/22 roll 

Dimensionless Energy Content 

The total dimension1 ess energy content o f  each one-dimensional 
spectra .In each altitude band was established by integrating the corres- 
ponding spectra over the appropriate finite limits, indicated in Table 2-2. 
The resulting energy content 1s presented in Table 2-5. As might be expected 

TABLE 2-5. DIMENSIONLESS ENERGY CONTENT 
FOR GUSTS AND GUST GRADIENTS 
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the t o t a l  dimensionless energy content o f  each o f  the  turbu lent  gust series 
i s  less than uni ty.  The dimensionless energy content f o r  each gust gradient, 
however, i s  not l im i t ed  i n  such a manner and range as high has 391.6. For 
both gusts and gust gradients the t o t a l  energy content increases with a l t i t ude  
because o f  s im i la r  increases i n  the l i m i t s  o f  in tegrat ion,  

2.4 DIGITAL FILTER SIMULATION 

* 

As suggested i n  subsection 2.1, simulated turbulence, Y ( t ) ,  can be 
in terpreted as the response o r  output o f  a cont ro l  system 191 w i t h  double- 
sided response functions, h(t) ,  subject t o  an inpu t  consist ing o f  Gaussian 
white noise I ( t ) .  This response can be represented by the convolution 
in tegra l  

Based on f i l t e r  theory the double-sided spectrum, aDY("), o f  the simulated 
turbulence s a t i  s f  i es the re1 a t i  on 

where H(Ol) = F [ h ( t ) l  

ODI(nl) = double-sided power spectrum f o r  white noise 

Generally the standard deviat ion of any white noise signal  has a value o f  
un i ty .  
t o  occur over some in te rva l  extending from -Qlmax 

Furthermore i n  most p rac t i ca l  s i tua t ions  the white noise i s  defined ** 
For t h i s  case , to +'lmax* 

* 
Actua l ly  the term "energy" i s  no t  precise when deal ing w i th  gust gradients. 

** 
The subscript, i, normally applied t o  the var iables filmax and T, has been 

suppressed i n  Eqs (2-8) through (2-13) f o r  s imp l i c i t y .  
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where 
T = time i n t e r v a l  associated with generation 

process ( = n / ~  ) 
lmax 

By substitution, 

I f  H(Q1) i s  l im i ted  t o  real  values, 

Rearrangement o f  Eq (2-10) y ie lds  

(2-10) 

(2-11) 

Then based on the de f i n i t i on  o f  the inverse Fourier transform, the double- 
sided impulse response funct ion h( t )  can be expressed as 

h ( t )  = F-'[H(Ql)] 

(2-12) 

where 
(@Q1) = single-sided spectrum o f  Y ( t )  

2-9 



The single-sided spectra tabulated i n  Appendix A correspond t o  QY(Ql) 

The discrete version o f  the convolution'integral given i n  Eq (2-6) y ie lds  

(2-13) 

where 

Y(k) = discrete sampled turbulence output 

h( j)  = discrete double-sided impulse response 

I ( k )  = discrete sampled white noise input 

function h( j T )  

Eq (2-13) represents the basic, non-recursive re la t i on  f o r  the generation o f  
simulated turbulence . The impulse response functions h ( t )  were evaluated 
by means o f  second-order numerical in tegrat ion o f  Eq (2-12) using the s i x  
spectra f rom Appendix A. I n  carrying out t h i s  evaluation some maximum value of 
t must be established, corresponding t o  the value o f  N f o r  Eq (2-13),and re- 
placing the i n f i n i t e  l i m i t  of Eq (2-6). As discussed i n  Appendix B t h i s  maximum 
time l i m i t  determines the minimum frequency, Qilmax9 f o r  which the corresponding 
spectrum i s  accurately simul ated. 

* 

The values of dimensionless time increment, Ti, used f o r  the s i x  
a l t i t ude  bands are included i n  Table 2-2 and are based on the values o f  aimax 
shown i n  the same table. Thus the Nyquist generation frequencies aiNG for the 
simulated turbulence correspond t o  the upper frequency l i m i t s  f o r  ail as com- 
puted by Eq (2-5) f o r  each a l t i tude band, 

* -  
I n  certain references 19,111 t o  correct f o r  the "effect o f  d ig i t i z i ng"  the 

series represented by Eq (2- 13) has been divided by n. This process can be 
seen t o  be dimensionally incorrect and actual ly  resul ts  from the use o f  a white 
noise spectrum wi th u n i t  strength instead o f  a strength o f  T / ~ I T .  
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2.5 EFFECTS OF DIGITIZATION 

The effects o f  d ig i t i za t i on  i n  turbulence simulation have been 
considered by a number of investtgators 19-12]. As a r e s u l t  o f  these studies 
two basic d ig i t i za t i on  ef fects have been generally ident i f ied.  

The f i r s t  effect resul ts  from the assumption o f  a white noise 
specrrum wtth u n i t  strength instead o f  u n i t  power, noted i n  subsection 2.4. 
To correct f o r  such an "ef fect"  the proposed procedure i s  t o  d iv ide the 
series approximation o f  the convolution in tegra l  by n. This "ef fect"  
disappears when the white noise spectrum has u n i t  power. 

The second e f fec t  involves the taperfng o f  the spectrum o f  simulated 
white noise, a i ,  i n  the v i c i n i t y  o f  the Nyquist generation frequency, QNG. 
Some investigators [10,12] have considered i t  necessary, because o f  the taper- 
ing effect, t o  generate the simulated turbulence time series a t  a ra te  from 
four t o  ten times the rate a t  which the series w i l l  be sampled. 

The second e f fec t  arises from the discrete processes associated 
with both the generation and sampling o f  the simulated turbulence. 
case o f  discrete white noise w i th  u n i t  variance, the time series involved i s  
basical ly  a t r a i n  o f  step functions as shown i n  Figure 2-1. The autocorre- 
l a t i o n  function o f  the t r a i n  o f  step functions depicted i n  Figure 2-1 can 

I n  the 

Figure 2-1. Discrete White Noise Series 
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be shown t o  be 

The corresponding double-sided power spectrum by d e f i n i t i o n  i s  

The single-sided version o f  t h i s  power spectrum i s  shown i n  Figure 2-2. 

FREQUENCV 

(2- 14) 

(2- 15) 

Figure 2-2. White Noise Spectra 
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Theoretical white noise, by de f in i t ion ,  i s  characterized by a 
uniform power spectral 'd is t r ibut ion.  
a spectral d i s t r i bu t i on  i s  normally res t r i c ted  t o  the frequency band 
(-QNG 5 $2 5 QNG) f o r  a double-sided spectrum. For a signal with u n i t  power 
the spectral density funct ion f o r  such white noise i s  

I n  order t o  avoid i n f i n i t e  power, such 

(2-16) 

Such a theoret ical  d i s t r i bu t i on  i n  single-sided form i s  also shown i n  Figure 
2-2 * 

It i s  important t o  note t ha t  the two power spectra shown i n  Figure 
2-2 are both normalized and thus 

(2-17) 

The theoret ical  spectrum 1s baslcal ly a rectangular pulse funct ion while the 
discrete spectrum i s  characterized by tapering, The di f ference between these 
two spectra i s  generally considered the basis for  the second d i g i t i z a t i o n  
ef fect ,  

The preceding descriptions o f  the two spectra (PI(Q) and (PDI(Q) are 
based purely on mathematical theory. To observe such spectra i n  r e a l i t y  the 
corresponding time series would have t o  be sampled w i th  an in f in i tes ima l  
sampling in terval .  Actually, f i n i t e  sampling intervals,  TS, must be used but 
t h i s  f i n i t e  (or discrete) sampling process resul ts  i n  atiasing, The aliased 
spectrum, @*@), based on the f i n i t e  sampling process, i s  related t o  the 
or ig ina l  spectrum according t o  the re la t i on  1131 
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0 

@(a)  = O(n+2k9,S) (2-18 ) 
k =-a 

where 

'NS = Nyquist sarnpl ing  frequency (=n/Ts) 

For the case of the discrete white noise 

Qo 

(2-19) 

Numerical evaluation o f  t h i s  series has been carr ied out f o r  C+,G = 100 with 

various r a t i o s  of Q N s l Q N G S  including .5, 1, 2, and 4. The resul t ing aliased 
spectra are presented i n  Figure2-3. It i s  important t o  note tha t  the f igure  
indicates tha t  

I n  t h i s  case, by comparision wi th GD1(Q), 

Thus f o r  white noise the aliasing &e to discrete swnpZing exactly offsets  
the tapering due to discrete generation when the sampZing frequency equals 
the generation frequency. 
i n  the simulation of white noise no tapering o f  the spectrum occurs as long 
as the sampling ra te  equals the generation rate. 
equal i ty  i s  automatically sat isf ied, 

Based on t h i s  fundamental point, i t  i s  c lear  tha t  

Under most conditions t h i s  
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The process o f  convolving the white noise w i t h  the appropriate 
impulse response funct ion i s  also car r ied  ou t  i n  a d isc re te  manner. The 
process involves select ing (or  sampling) values o f  the white noise signal 
and the impulse response funct ion a t  equal in te rva ls  i n  t ime and then approxi- 
mating the convolution in tegra l  by a summation o f  products. 
t o  note t ha t  the d iscrete sampling o f  both the white noise and the impulse 
response funct ion normally occurs a t  the same ra te  as the generation ra te  
f o r  the white noise. Thus the resu l t ing  spectra f o r  the sampled d iscrete 
white noise, as previously shown, w i l l  be uniform, According t o  the con- 
vo lu t ion  theorem, the spectrum o f  the output s ignal  equals the spectrum o f  
the inpu t  white noise mu l t ip l ied  by the product o f  the Fourier transform o f  
the impulse response funct ion and i t s  complex conjugate. 
noted i n  subsection 2.4, f o r  a continuous signal, 

It i s  important 

Thus, as previously 

The Fourier transform H(S2) f o r  the continuous impulse function, h ( t ) ,  i s  

(2-22) 

(2-23) 

The corresponding output spectrum f o r  a d iscrete s ignal  would be 

(PIDY(Q) = (PtoI(S2)H'  (S2)Ht*(S2) (2-24) 

The Fourier transform H I  (a)  o f  the discrete impulse response function, h '  (t) , 
i s  

H'(Q) = F [ h ' ( t ) l  (2-25) 

Based on the preceding development, f o r  cases i n  which the sampling 
frequency equals the generation frequency, any d i f ference between the d iscrete 
turbulence spectrum and the continuous spectrum apparently or ig inates because 
o f  some di f ference between H(Q) and H&(Q).  
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FREQUENCY, $2 

Figure 2-3. Effects of Aliasing on White Noise Spectrum 
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3. SIMULATED TURBULENCE TAPES 

The turbulence generation procedure described in Section 2 has been 
used t o  generate six dimensionless simulated turbulence time series which are 
stored on magnetic tapes as summarized in Table 3-1. The appropriate procedures 
for using the tapes are described elsewhere [l]. 
description of the results o f  validating the tapes while subsection 3.2 presents 
an explanation o f  the process for  converting from dimensionless t o  dimensional 
Val ues. 

Subsection 3.1 provides a 

TABLE 3-1. INDEX OF SHUTTLE SIMULATED 
TURBULENCE TAPES (SSTT) 

Tape Time Series Comments 

SSTT- 1 u1 - gust 1 ongi tudi nal gust 

SSTT-2 

SSTT-3 

u2  - gust 

u3 - g u s t  

transverse gust 

vertical gust 

SSTT-4 au2/axl - gust gradient Yaw 

SSTT-5 au3/ax1 - gust gradient pitch 

SSTT-6 au3/ax2 - gust gradient roll 

3.1 VALDIATION OF SIMULATED TURBULENCE 

A spectral analysis o f  each of the dimensionless time series has been 
carried out by means of a Fast FourierTransformFFT4 [14). 
are presented i n  .Appendix C, demonstrate t h a t  the simulated turbulence possesses 
the proper von Karman spectral characteristics. 

The results, which 

All of the dimensionless time series have also been analyzed statis-  
tically t o  determine the gust and g u s t  gradient probability density functions. 
As shown in Appendix D the results of these analyses indicate t h a t  both the 
simulated gusts and gust gradients are normally distributed, w i t h  near-zero 
means and standard deviations consistent w i t h  the energy content presented 
in Table 2-5. 
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3.2 CONVERSION TO DIMENSIONAL VALUES 

The dimensionless time series on each tape must be converted to  
dimensional form before actual use i n  a simulation exercise. The conversion 
process generally involves mu1 t i p 1  i ca t i on  and/or d iv is ion by the appropriate 
turbulence parameters. For dimensionless gusts % ui , the corresponding standard 
deviation, ais should be used. Thus 

- * 
u i  - “pi 

where 

* 
ui  = dimensional gust 

au  i 
For dimensionless gust gradient, ax , the parameters ai and L. are used. 
Thus 

j J 

where 

* 
au;/axj = dimensional gust gradient 

In the case o f  dimensionless time i t  i s  necessary t o  develop the 
procedures f o r  converting both from dimensionless t o  dimensional form and also 
t o  dimensionless from dimensional. I n  proceeding from dimensionless t o  dimen- 
sional time the dimensionless time step, Ti, represents the basic u n i t  t o  be 
converted. The conversion involves the vehicle velocity, V, and the turbulence 
scale, Li. Thus 

* 
Ati  aLITI/V (3-3) 

where * 
At i  = dimensional time step 
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It i s  important t o  note t ha t  because both Lj and V vary w i t h  a l t i tude ,  
the resu l t i ng  dimensional t ime step A t i  i s  not  a constant. To obta in  dimensional 

time, ti, a summation process i s  involved as fol lows: 

* 
* 

* N *  
titi = n=l A t i n  

N 
= a T i C  Lin/Vn 

n= 1 

where 

Lin = Li(Zn) 

v, = V(Zn) 

Zn = a l t i t u d e  a t  n t h  step 

I n  converting t o  dimensionless from dimensional ,ime the basic 
un i t ,  the dimensional time step, 6 t  , w i l l  normally be a constant. The 
corresponding dimensionless time in terva l ,  Tim, w i l l  be 

* 

* 
V,6t 

T. = - 
m i m  aL 

The t o t a l  dimensionless time, tiM, w i l l  be 

M 

m= 1 
tjM = c Tim 

(3-4) 

(3-5) 
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The dimensionless time, ti,,,' corresponds to some M i  dimension 
vals, Ti, plus some fractional interval, T i ,  as follows: 

ess time inter- 

Thus the number of dimensionless time intervals, MI, can be computed 
as 

where 

Int( ) = integer value of ( ) 

The fractional interval, T', can be computed by the relation 

T' = ti,,, - M'Ti (3-9) 

'+l 
The interpolation process will involve interpolating between tiM1 and tiM 
at the point tiM as shown in Figure 3-1, 

I Dimensionless 
Time tiM'-l tiMIt1 

tin 

Figure 3-1. Relationship Between tiM, ti,,," and tiMl+1 

In the conversion to or from dimensional values three parameters 
are required: standard deviation, integral scale o f  turbulence, and vehicle 
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speed. The var ia t ion  o f  the turbulence standard deviation, ai, w i t h  
a l t i t u d e  was presented i n  Table 2-1. 
scale, Li, as a funct ion o f  a l t i tude .  
o f  a l t i t u d e  but  a lso may vary from one t r a j ec to r y  t o  another. Table 3-2 
provides representative values o f  V as a funct ion o f  a l t i tude .  

The same tab le  contains the turbulence 
The vehicle speed, V, i s  a funct ion 

TABLE 3-2, VARIATION OF SHUTTLE SPEED 
WITH ALTITUDE E121 

152 
156 
158 
170 
188 
200 
240 
300 
500 
1928 
4695 
7468 
7521 
7510 
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4. CONCLUSIONS AND RECOMMENDATIONS 

By means of a non-recursive discrete generation process, based on 
a von Karman spectral model w i t h  f ini te  upper limits, dimensionless simulated 
turbulence t h e  series have been developed and stored on six magnetic tapes. 
Longitudinal, transverse, and vertical gusts are simulated as well as the 
g u s t  gradients associated w i t h  yaw, pitch, and roll ,  For each gust or gust 
gradient six separate time series (corresponding to the six altitude bands 
extending from ground level to 120,000 meters) have been stored on each tape. 

The results of spectral analyses of each tape reveals t ha t  the 
simulated turbulence possesses the appropriate von Karman spectral character- 
tstics. Statistical analyses of the tapes indicate t h a t  both the simulated 
g u s t  and gus t  gradients are normally distributed w i t h  near-zero means, 
more the standard deviation o f  each series i s  constant w i t h  the theoretical 
energy content. 

Fur-ther- 

The Shuttle Simulated Turbulence Tapes (SSTT) are now ready for 
actual use for simulating turbulence a t  altitudes up to 120,000 meters, 
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APPENDIX A 

DIMENSIONLESS VON KARMAN SPECTRA 
WITH FINITE UPPER LIMITS 

For each a1 t i t ude  band, the three-dimensional spectral  model 
f o r  gusts, as given by Eq (2-1),  and the three-dimensional model f o r  gust 
gradients, as given by Eq (2- 2) ,  have been integrated w i t h  respect t o  Q2 
and Q3 over the f i n i t e  l i m i t s  calculated according t o  Eq (2- 3) .  The s i x  
r esu l t i ng  one-dimensional spectra are presented i n  Tables A -1  through A-6, 
corresponding t o  A1 t i t ude  Bands #1 through 6 respect ively,  These spectra 
were used i n  the numerical evaluation o f  the impulse response functions 
described i n  subsection 2 .4 .  
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APPENDIX B 

ESTABLISHMENT OF LOWER FREQUENCY LIMITS 

The maximum time l i m i t ,  tmax, f o r  which the impulse response 
funct ion i s  computed, determines the minimum frequency, Slilmin, 

the corresponding spectrum i s  accurately simulated accordi 

'ilmin "jtmax (B-1) 

The simulated turbulence may contain lower frequencies, depending on the t o t a l  
length o f  the time series, but the shape o f  the actual spectrum f o r  any fre- 
quencies less than Qilmtn w i l l  not i n  general match the theoret ical  spectral 
shape. To v e r i f y  t h i s  point f o r  the a33111 spectrum two impulse response 
functions were generated, the f i r s t  extending out t o  a tmax o f  42.10573 and 
the second extending out t o  a tmX o f  85.895689. Two separate turbulence 
time series were then generated, one f o r  each impulse function. 
o f  spectral analysis o f  these two time series i s  presented i n  Figures B-1 
and 8-2. As indicated i n  each figure, the observed spectrum tends t o  d r i f t  
away from the theoret ical  spectrum f o r  frequencies below 'rr/tmax. The impulse 
response function with the larger tmax produces a time series whose spectral 
shape matches the theoret ical  spectrum t o  the lower  frequency. 

The resul ts  

Based on various character ist ics o f  the Space Shuttle simulators, 
a minimum frequency, flmin, o f  -04 hertz was established f o r  generating 
simulated turbulence. The dimensional frequency, flmin, i s  related t o  the 
dimensionless frequency, Siilmin, according t o  the re la t i on  

'i 1mi  n 

By subst i tu t ion and rearrangement, 

tmax (B-3) 

To sat is fy  the kqulrement f o r  a minimum simulation frequency o f  ,04 hertz, 
values of each impulse response function were computed f o r  100 dimensionless 
time intervals.  As shown i n  Table B-1, by using a constant number o f  time 
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intervals, the actual minimum simulation frequency varies from .0174 hertz 
in Band 1 to .04 hertz in Band 6. Thus, at the lower altitudes the turbulence 
simulation will actually be valid for frequencies somewhat lower than the 
required minimum as given by Eq (8-2). 

TABLE B-1. DIMENSIONAL AND DIMENSIONLESS MINIMUM FREQUENCY LIMITS 

B- 4 



APPENDIX C 

SPECTRAL ANALYSIS OF SIMULATED TURBULENCE 

By means o f  a Fast Four ier  Transform [14] spectral  analyses o f  a l l  * 
simulated turbulence have been performed . The resu l t s  are presented i n  
dimensionless form i n  Figures C - 1  through C-36. Table C - 1  provides a summary 
o f  these f igures.  Also included i n  each f i gu re  i s  the theore t i ca l  von Karman 
spectra. The agreement between the theoret ica l  spectra and the computed spectra 
i s  q u i t e  sat is factory .  

TABLE C-1.  MATRIX OF SPECTRAL ANALYSIS FIGURES 

x 

The spectral  analysis involved the f i r s t  4096 terms o f  each time ser ies except 

t-1 

for bands 5 and 6 f o r  the u1 and u2 gusts. For these cases 8192 terms were used. 
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APPENDIX D 

STATISTICAL ANALYSIS OF SIMULATED TURBULENCE 

By means of standard s t a t i s t i c a l  analys is  procedures each of the 
SSTT has been analyzed t o  determine its mean value, standard deviation,  and 
probabil i t y  density d i s t r ibu t ion  . The resulting mean values a re  presented 
i n  Table D- 1  while Table D-2 contains the resul t ing standard deviations.  
As expected a l l  mean values were near zero. The standard deviations represent 
the square root  of the energy content. 
content (from Table 2-5) t o  the square of the corresponding standard deviation 
(from Table D-2) i s  presented i n  Table D-3. 
factory . 

* 

The r a t i o  o f  the theoret ica l  energy 

The agreement appears quite s a t i s -  

The g u s t  and g u s t  gradient probabil i ty density d i s t r ibu t ions  a r e  
presented i n  Figures D - 1  through D-36 i n  accordance w i t h  Table D-4. 
f igure  the corresponding theoret ica l  normal d i s t r ibu t ion  is  a l so  presented. 
The r e s u l t s  indicate  t h a t  both the gust  and g u s t  gradient time series a r e  very 
close t o  normal d i s t r ibu t ions .  

In each 

TABLE D-1. MEAN VALUE OF GUST AND GUST GRADIENTS 

SERIES 
TYPE 1 

- .019295 

-.010671 

- .006806 

- .000002 

-. 000001 

- .005760 

2 

- .042050 

- .029576 

- .029652 

- .001572 

- .001591 

- .073072 

ALTITUDE BAND 

3 

-. 051852 

- .0371 

.. .037043 

- .OO2794 

- -002798 

-. 103823 

4 

.. .088142 

-.049431 

-. 049370 

- .005628 

- .005649 

.. ,160303 

5 

-.0455 

- .0428 

- ,043788 

-. 172152 
-.004293 

-. 171448 

6 

- .0464 

- .0441 

- .046637 

- .2063a5 

- ,004893 

.. .288178 

* 
The s t a t i s t i c a l  analys is  involved the f i rs t  4096 terms of each time series except 

for bands 5 and 6 for  the u1 and u2 gusts.  For these cases 8192 terms were used. 

D- 1 



TABLE D-2. STANDARD DEVIATION OF GUST AND GUST GRADIENTS 

ALTITUDE BAND 

5 
.9999 

1.0000 

1.0000 

.9998 

1.0001 

1.0000 

1 

.788959 

.707845 

.524571 

.766627 

.390512 

.394539 

6 

1.0001 

1 0000 

9999 

1.0000 

1.0000 

.9999 

2 

.927098 

.925201 

,915606 

3.625937 

3.488677 

3.508280 

3 
.946351 

,94619 

.938552 

4.976618 

4.758426 

4.784378 

4 

.96427 1 

.964152 

-958985 

7.356808 

7.037516 

7.075349 

5 

.99888 

.99764 

.961845 

41.717292 

6.458092 

9.778736 

6 

.99996 

.99863 

.967651 

48.052734 

7.216648 

19.790119 

TABLE 0-3. RATIO OF THE THEORETICAL ENERGY CONTENT* 
TO THE SQUARE OF THE OBSERVED STANDARD DEVIATION+ 

2 
1.0000 

1.0000 

1 * 0000 

1.0000 . 
1.0000 

1.0000 

ALTITUDE BAND 

3 

1.0000 

* 9999 

1.0000 

1.0000 

1.0000 

1 * 0000 

4 

1.0000 

1.0000 

1.0001 

1.0000 

1.0000 

1.0000 

* 
Theoretical energy content taken from Table 2-3. 

'Observed standard deviation taken from Table 0-2. 

a 



TABLE D- 4. MATRIX OF STATISTICAL ANALYSIS FIGURES 

I 
ALTITUDE BAND SERIES I 

6 

D-6 

D- 12 
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